Ras proteins are distributed in distinct plasma-membrane microdomains and endomembranes. The biochemical signals generated by Ras therein differ qualitatively and quantitatively, but the extent to which this spatial variability impacts on the genetic program switched-on by Ras is unknown. We have used microarray technology to identify the transcriptional targets of localization-specific Ras subsignals in NIH3T3 cells expressing H-RasV12 selectively tethered to distinct cellular microenvironments. We report that the transcriptomes resulting from site-specific Ras activation show a significant overlap. However, distinct genetic signatures can also be found for each of the Ras subsignals. Our analyses unveil 121 genes uniquely regulated by Ras signals emanating from plasma-membrane microdomains. Interestingly, not a single gene is specifically controlled by lipid raft-anchored Ras. Furthermore, only 9 genes are exclusive for Ras signals from endomembranes. Also, we have identified 31 genes common to the site-specific Ras subsignals capable of inducing cellular transformation. Among these are the genes coding for Vitamin D receptor and for p120-GAP and we have assessed their impact in Ras-induced transformation. Overall, this report reveals the complexity and variability of the different genetic programs orchestrated by Ras from its main sublocalizations.
Introduction
Ras GTPases operate as molecular switches that convey signals from surface receptors to the interior of the cell, thereby regulating essential processes including proliferation, differentiation and survival [1] . Ras implication in the origin and progression of pathological conditions like cancer is also extensively documented [2] . The mechanisms whereby Ras promotes malignant transformation have been subject of exhaustive cellular and biochemical studies. Recently, the development of DNA microarray technologies has allowed genome-wide analyses of the alterations in gene expression profiles resulting from changes in Ras status. Extensive data has been accumulated on the transcriptional networks associated to the transformation of different cell lines by oncogenic Ras proteins [3] [4] [5] [6] [7] [8] [9] . Likewise, the expression profiles resulting from the ablation of H-Ras and N-Ras in murine fibroblasts have also been reported [10] .
Ras proteins are segregated in plasma-membrane (PM) microdomains like lipid rafts and disordered membrane (DM) [11] . Furthermore, Ras is also present in endomembranes like endosomes, endoplasmic reticulum (ER) and the Golgi complex, where it can productively engage downstream effectors [12, 13] . The presence of Ras in various compartments could be intended to generate variability in its biochemical and biological outputs. In support of this notion, recent findings indicate that the microenvironment in which Ras signals originate determines effector usage and subsequent biological outcomes [12, 14] .
Herein, we have extended these observations by analyzing the gene expression profiles resulting from Ras activity in its main signaling platforms, namely: DM, lipid rafts, Golgi complex and ER. Our data unveils the existence of distinct transcriptional networks that depend on the compartment at which Ras signals originate, further endorsing the concept of the microenvironment as a key regulator of the biochemical, genetic and biological outcomes of Ras signals. Furthermore, by focusing on the common elements among the transcriptomes of the site-specific Ras signals capable of inducing transformation, we have identified novel participants in this phenomenon.
Materials and methods

Microarray experiments and data analysis
Total RNAs from triplicates of exponentially growing NIH3T3 cell lines stably expressing HRasV12 and the tethered H-RasV12 proteins [14] , were collected using the RNEasy method (Quiagen). The quantity and quality of the RNAs was determined using 6000 Nano Chips (Agilent Technologies). RNA samples (4 μg) were processed for hybridization on MGU75Av2 microarrays (Affymetrix) following manufacturer's recommendations. Normalization, filtering and analysis of the raw data, was performed using the Bioconductor software (www.bioconductor.com) using de ReadAffy package and the robust-multiarray analysis (RMA) application. The RMA algorithm was selected for its precision in signal detection to achieve adequate normalization of multiple microarrays, especially in cases of low levels of expression [15] . A gene was considered to be differentially expressed relative to the parental cell line when exhibiting a signal ≥100 and fulfilling the following criteria: a gene was regarded as "common" to all Ras mutants when: (i) It showed a fold change ≥±1.5 in all the cell lines analyzed when compared to the parental cell line; (ii) the fold change values obtained had statistical P-values ≤0.01. A gene was regarded as differentially expressed in some specific localization(s) when it did not undergo significant fold changes or when those changes had P values ≥0.01. A gene was uniquely regulated by a Ras protein when: (i) the fold change in the expression levels of is transcript in a given localization was ≥±1.5 with P-value P≤0.01; (ii) the fold change, if any, obtained in the other cell lines had P-values ≤0.01. Statistical analyses were performed using F-statistics. For the graphical presentation of microarray data, we performed hierarchical clustering analysis using the WPGA average linkage and the standard correlation similarity metric method with the J-Express application (2.1). Functional annotation of gene functions was performed manually using internet-available databases. The identification of proteins interactive networks was done using the Ingenuity Pathways Analysis program (www.ingenuity.com). We considered a network significant when it fulfilled the following criteria: (i) to have a minimal score of 15. (ii) to have at least 20 proteins participating in direct functional interactions inside the network.
Cellular transformation assays
Performed exactly as described [14] .
Antibodies and other reagents
Rabbit polyclonal antibody anti-Vitamin D receptor and the mammalian expression vector encoding for this receptor were gifts from Dr. Ana Aranda (Madrid, Spain). Rabbit polyclonal antibodies against p120-GAP, Myc and ERK2 were from Santa Cruz Technologies.
Immunoblotting
Exactly as described previously [16] .
Real-time PCR
Verification experiments using real-time PCR were performed using a commercial kit (Quiagen), following manufacturer's instructions. The PCR primer sets sequences utilized correspond to those used in the Affymetrix arrays. The housekeeping gene GAPDH was used as internal control.
Results
Global analysis of Ras site-specific transcriptomes
To conduct this study, we used NIH3T3 cell lines expressing H-RasV12 selectively tethered to defined subcellular compartments by specific localization signals: the avian infectious bronchitis virus M1 protein (for ER localization), the LCK myristoylation signal (for lipid raft anchoring), the CD8α transmembrane domain (for DM localization) and the KDEL receptor N193D mutant (for Golgi complex localization). The validity of this approach has been described previously at the cell biology and signaling level [14] . A cell line expressing untargeted H-RasV12 was also included (see Supplementary Text, Section I). The gene expression profiles of these cell lines were compared to that of parental NIH3T3 cells, using Affymetrix microarrays. We observed that, in total, H-RasV12 signals emanating from its distinct sublocalizations induced changes in 8.8% (1074 genes) of the genes interrogated in the arrays (Fig. 1A, Supplementary Table S1 ). Verification by RT-PCR and/or immunoblotting of 20 randomly chosen samples confirmed the microarray data (data not shown). Hierarchical clustering of the microarray data sets yielded a dendrogram with two main vertical branches ( Fig 1A) : one corresponding to the untethered H-RasV12-dependent transcriptome and the other one clustering those generated by the site-specific H-RasV12 constructs. Interestingly, the transcriptome of H-RasV12 at the DM diverged from the expression profiles generated by H-RasV12 at lipid rafts, ER and the Golgi complex, which were grouped into a separate branch (Fig 1A) . 329 genes were common to all the cases analyzed. Among these, essential genes involved in the regulation of proliferation and survival such as: PDGFα, TGFβ, FGFr, Integrin β5, Rho-C, PAK-3, MKK6, PTEN, MKP-1, c-Jun, Jun-B, Fra-1, Cyclin D1 and NFκB (Supplementary Table S2 ).
Further analysis of the transcriptomes revealed that the fold changes of the regulated genes followed a Poisson curve (Fig. 1B) . Most of the genes experienced changes between 1.2 and 2.5 fold. Up-regulated and down-regulated genes followed similar patterns. Segregation of the 1074 identified genes into 17 different functional classes revealed that the higher numbers of genes were involved in transcriptional regulation, metabolism and signal transduction (Fig.  1C ) (see Supplementary Text, Section I). In general, the regulation of the genes included in these functional classes did not reveal any spatial specificity. H-RasV12 signals generated at the plasma-membrane or at endomembranes were equally effective (Fig. 1D) . Furthermore, in general, most gene functional groups were represented in similar proportions in the different compartment-specific transcriptomes (Fig. 1E ).
Singularities of Ras site-specific transcriptomes
We next evaluated the possible transcriptomal specificities of the site-specific Ras mutants. Within the PM, it was observed that the DM-localized H-RasV12 protein (CD8) modulated a total of 858 genes (504 up-regulated, 354 down-regulated) ( Fig. 2A , see also Supplementary  Table S1 ). Furthermore, this subsignal contained the greatest number of specific genes of all the H-RasV12 signals studied (108 genes, 90 up-regulated, 18 down-regulated) ( Fig. 2B and Table 1 ). Genes in this category include loci important for proliferation and survival such as TRAF1, RASSF1 and c-Myc. A significant number of angiogenesis-related genes were also detected in this DM-specific transcriptome (see Supplementary Text, Section II). The DMspecific transcriptome was further characterized using Ingenuity (www.ingenuity.com), a webbased software that identifies molecular networks by relating each microarray gene entry with an extensive database of reported physical, transcriptional or enzymatic interactions for ≈ 8000 mouse proteins. This analysis revealed the existence of four main interactive networks radiating from the nuclear proteins c-Myc, NFκB, c-Jun and HIF-1 (Fig. 2C ). Keeping our focus on the events unfolding from the PM, we analyzed the genetic profile emerging from Ras activation at lipid rafts (LCK). This sublocalization regulated the lowest number of genes, barely 442 (189 up-regulated, 253 down-regulated) ( Fig. 2A and Supplementary Table S1 ). Most interestingly, not a single gene was specifically regulated from this compartment (Fig. 2B ). In addition to the genes that exhibited specific regulation from each of these PM sublocalizations, another 13 genes could be regulated from either compartment. Of these, 3 were up-regulated, 3 down-regulated and 6 genes showed opposite regulation, among them the transcription factor Ets2 (Fig. 2B , Supplementary Table S2 ). Overall, our analyses unveiled that 121 genes were specifically regulated by Ras signals emanating from PM microdomains.
Interestingly, it was observed that ER-localized H-RasV12 (M1) induced the largest effect in the cell transcriptome (438 up-regulated, 486 down-regulated, Appendix A). The analysis of this transcriptome using the Ingenuity program revealed an interactive network nucleated around the proteins p53, NFκB, c-Jun, Caspase-3 and cEBP ( Fig. 2D) , a result that is in agreement with previous results indicating the implication of ER-specific H-RasV12 signaling in cell survival and apoptosis. The analysis of the transcriptome of Golgi-localized H-RasV12 (KDEL) indicated a deregulation of 669 genes (317 up-regulated, 352 down-regulated) ( Fig.  2A ). Of those, only 4 genes exhibited a Golgi-specific regulation ( Table 2) . One of those loci encoded the tyrosine phosphatase receptor κ (PTPκ), a putative tumor suppressor gene [17] . Three additional genes were shared by the ER-and Golgi-dependent H-RasV12 transcriptomes (Fig. 2B , Supplementary Table S2 ). Taken together, these results indicate that H-RasV12, when located in endomembranes, promotes a very small fraction of specific transcriptomal changes (9 genes).
As comparative control, we included in our studies a cell line expressing untethered H-RasV12 (V12). The transcriptomal changes induced by this "ubiquitously localized" H-RasV12 protein included a total of 699 genes ( Fig. 2A) . 51 of those genes were specifically regulated by this H-Ras version and not shared by the site-specific H-Ras GTPases (Fig. 2B) . The gene for Caveolin-1, exhibiting a pronounced down-regulation, was among them (Table 3 ). In addition, a number of loci deregulated by untethered H-RasV12 were shared with the transcriptomes of other site-specific H-Ras proteins. For example, 61 genes were shared between untethered and DM-localized H-RasV12 GTPases. Remarkably, 28 of those genes exhibited an antagonistic regulation by these two proteins. Untethered H-RasV12 also deregulated 16 genes that were also targeted by Golgi-localized H-RasV12, 13 of those genes displayed opposite regulation ( 
Identification of participants in Ras-induced transformation
Finally, we utilized the information obtained from the site-specific Ras genetic profiles, to acquire further insights into the process of cellular transformation. Our previous studies have revealed that the signals generated by RasV12 at lipid rafts, DM and ER induced transformation, whereas signals from the Golgi did not [14] . Thus, we reasoned that the elements in common among the transcriptomes resulting from transforming signals should be of special relevance for the upbringing of malignant growth. We found that only 31 genes were common to Ras transforming signals. 14 genes were down-regulated, including those encoding Connective Tissue Growth Factor (CTGF), PDGF receptor β and DLK1. 17 genes were upregulated (For example, Epiregulin, R-PTPε, STK2/SLK, WIP and p120-GAP (Table 4) . Many of these proteins have been previously linked to cellular transformation and/or malignant processes (see Supplementary Text, Section III).
The gene encoding for Vitamin D receptor (VDR) was one of the down-regulated genes shared by all Ras transforming signals, so we tested the relevance of its attenuated expression for transformation. By RT-PCR, we verified that VDR mRNA levels were markedly diminished in cells expressing transforming RasV12 constructs, even to greater levels than those revealed by the chips (Fig. 3A ). Next, we tested whether increasing the levels of VDR could impact on Ras transforming potential. To this end, we assayed the ability of the site-specific RasV12 proteins to generate foci in NIH3T3 cells when cotransfected with ectopic VDR. It was found that VDR significantly diminished Ras-induced transformation. Interestingly, VDR inhibitory effect varied depending on the site from which the Ras transforming signal emanated. Whereas VDR abrogated transformation by lipid raft-targeted H-RasV12 almost completely, its negative effects on the transformation induced by RasV12 at the ER or at DM were modest, ranging between 25% and 30% (Fig. 3B) . p120-GAP emerged as one of the up-regulated genes common to the Ras transforming signals. We confirmed by immunoblotting that this was indeed the case ( Fig. 3C ) and then tested the necessity for p120-GAP overexpression in Ras-induced transformation. Cotransfection of ectopic p120-GAP with the site-specific H-RasV12 constructs enhanced the number of transformed foci in all cases (Fig. 3D ). This demonstrated that p120-GAP overexpression facilitated RasV12-induced transformation.
Discussion
We have used Affymetrix microarrays to acquire a genome-wide view of the gene expression profiles induced by site-specific Ras signals in murine NIH3T3 fibroblasts, the level of overlap among them and the singularities of the genetic outputs resulting from Ras activation at the different membrane compartments where it resides. We have applied highly stringent and restrictive parameters of significance for the processing and selection of the data and we have utilized algorithms that allowed us to minimize the background noise and to maximize the statistical significance of the data. Our results show that H-RasV12 signals regulate the expression of 1074 genes in total. A figure of similar magnitude to those documented for homologous models such as rat fibroblasts (1257 genes) [3] and MEFs (815 genes) [8] . Qualitative and quantitative analyses of the transcriptomal patterns resulting from site-specific Ras activations, unveil that, in general, there is a significant overlap among the genetic programs orchestrated from the different Ras compartments. Most genes could be regulated from several localizations. Furthermore, the regulation of 329 genes, nearly a third, including many genes essential for proliferation and survival, was common to all Ras compartments. Our analysis showing that the functional classes in which the genes were grouped, are represented to similar extents in all the transcriptomes, further highlighting the genotypic overlap among the different Ras signals.
On the other hand, our results also confirm the presence of unique transcriptomal signatures associated to each of the sublocalization-specific Ras signals. The signal generated at the DM is the one that controls the greatest number of genes specifically. Interestingly, 98% of these genes exhibit up-regulation. The cellular functions and biological outputs specifically orchestrated by Ras from the DM are unknown, but the fact that other subsignals are equally competent in the regulation of proliferation and transformation [14] suggests that the switchon of this unique genetic program would be largely unrelated to these events. Interestingly, a significant proportion of the DM-specific genes are involved in angiogenesis. Contrarily to DM, the transcriptomal profile regulated by Ras at lipid rafts is the least numerous, since it deregulated a total number of 442 genes. Most interestingly, not a single gene is specifically regulated from this sublocalization. This observation is in full agreement and provides a plausible explanation for the fact that H-Ras/N-Ras double knock-out mice, completely devoid of Ras isoforms at lipid rafts, are viable and exhibit a normal phenotype [14, 18] .
Our results demonstrate that the total number of genes regulated by Ras from endomembranes and from PM sublocalizations is similar. Furthermore, all the functional classes were regulated alike by the endomembrane and the PM-localized Ras pools. Contrarily, there are dramatic differences regarding the number of genes specifically regulated from the inner and outer membrane systems: whereas 121 genes are exclusively regulated by Ras at the PM, only [14] . The only two genes specifically regulated by ER signals, Spg1 and SMAP1, are associated with severe medical conditions, but they show no evident connection with cell survival. A deeper analysis of the ER transcriptome with the Ingenuity program has unveiled the regulation of a complex network of genes functionally related to apoptosis and survival. Thus, it is conceivable that not only qualitative changes, but also quantitative differences, even small ones, in the regulation of common genes, can account for abrupt variations in biological outputs. [14] . Only four genes are specifically regulated from this compartment, including R-PTPκ . This locus is frequently deleted in tumors and has been attributed a putative tumor suppressor function [17] . R-PTPκ down-modulates the EGFr and the β-catenin pathways, essential for cellular proliferation and transformation [19, 20] . Thus, one possibility is that the inability of Ras Golgi signals for inducing transformation is a consequence of the up-regulation of R-PTPκ . Another possibility is that Ras at the Golgi cannot regulate genes essential for transformation. In this respect, we have identified 31 genes exclusive for the transforming signals emanating from different Ras pools. Many of these genes have been previously linked to cellular transformation and/or malignant processes (see Supplementary Text, Section III).
From the Golgi, H-RasV12 is incapable of generating transforming signals
We have analyzed in further depth the role in transformation of two of these genes. The VDR gene is down-regulated by Ras transforming signals, in agreement with previous studies reporting the instability of VDR mRNA in Ras-transformed cells [21] . We demonstrate that overexpression of VDR can abrogate Ras-induced transformation. Similar effects have been shown for other nuclear receptors, such as the thyroid hormone receptor [22] . Interestingly, the effect of VDR is dependent on localization: whereas VDR blocks the transformation induced by lipid rafts signals almost completely, its effects on the transformation orchestrated from DM are modest. The mechanisms underlying in these sublocalization-related effects are completely unknown. Surprisingly, the gene encoding for p120-GAP is up-regulated by Ras transforming signals. We demonstrate that p120-GAP over-expression enhances RasV12-induced transformation. It is known that the loss of wild-type Ras alleles promotes transformation by oncogenic Ras [23] [24] [25] . Thus, it can be envisioned that the upregulation p120-GAP could achieve similar suppressive effects over wild-type Ras putative antioncogenic effects. Alternatively, it is possible that RasGAP could play some GAP-independent effector functions in the Ras pathway.
We included in our studies "untargeted" H-RasV12 as a reference. Theoretically, the transcriptome resulting from "global" Ras activation should be similar to the sum of the sitespecific gene profiles. However, it must be noticed that: a) The targeted Ras proteins are fixed to their compartments, whereas untargeted Ras is free to translocate between localizations and the cytoplasm [26] . This could cause differences in signal intensities and therefore impact on the resulting transcriptomes. b) Some genes are regulated antagonistically from different localizations. Thus, they could be under-represented or even absent in the "global" Ras transcriptome. c) Our targeted Ras constructs do not cover all the possible Ras localizations. Ras is also present in mitochondria [27, 28] , endosomes [13] and it cannot be discarded that also at PM and endomembrane microdomains that escape the tethers used herein. Our analyses identify 51 genes uniquely regulated by untargeted Ras. Maybe these genes are regulated from sublocalizations undisclosed by our tethered Ras constructs. Alternatively, their regulation could require the input from several sublocalizations. Thus, they would be silent under the single signals generated by our targeted proteins.
Overall, our analyses demonstrate that although there is significant overlapping among the transcriptomes resulting from Ras site-specific signals, there also exists a defined genetic signature on the transcriptional events regulated by Ras from each of its localizations. This adds further support to the notion of the subcellular microenvironment as a key regulator of Ras functions at all levels. As such, physiological and pathological conditions that affect Ras subcellular distribution, for example by altering the composition of cellular membranes, or by shifting Ras palmitoylation/depalmitoylation balance, can have a profound impact on the genetic program switched-on by Ras and thereby on the resultant biological outcomes. Thus far, the biological functions regulated by each of the Ras subsignals are largely unknown and under current investigation.
Conclusions
1.
Using micro-array technology, we have identified the transcriptional program of the conventional H-RasV12 oncoprotein as well as of versions of H-RasV12 that have been placed in specific subcellular compartments (lipid rafts, disordered plasma membrane, endoplasmic reticulum and Golgi apparatus) via the attachment of subcellular localization targeting signals.
2.
We have found that, although sharing a significant overlap in their respective transcriptomes, the different subcellular localizations of H-RasV12 are linked to the engagement of specific transcriptional programs.
3. Disordered membrane-localized H-Ras elicits the largest pool of specifically regulated genes when compared to the rest of H-RasV12 mutants used. Instead, lipid raff-localized H-RasV12 does not trigger any specific gene.
4.
Plasma-membrane and endomembrane-localized H-RasV12 proteins trigger specifically a total number of 121 and 9 genes, respectively.
5.
By comparing the transcriptomes of transforming and non-transforming H-RasV12 mutants, we have identified 31 genes that are distinctively associated to the cell transformation program. The involvement of two of those transformation-associated genes in H-RasV12 transformation was demonstrated using cell biology techniques. Table 4 Genes specifically regulated by Ras transforming signals 
